We investigate a theoretical model for effective carrier mobility to comprehensively describe the behavior of the perpendicular carrier transport across multiple quantum well (MQW) structures under applied electric field. The analytical expressions of effective mobilities for thermionic emission, direct tunneling, and thermally-assisted tunneling are derived based on the quasi-thermal equilibrium approximation and the semi-classical approach. Effective electron and hole mobilities in InGaAs/GaAsP
INTRODUCTION
Due to the unique optical and electrical properties of low-dimensional materials, multiple quantum well (multiple QW, MQW) structures have found numerous applications in optoelectronics. The employment of MQWs is, however, usually accompanied by the poor perpendicular carrier transport, which limits the bandwidth in high-speed devices [1, 2] , the carrier injection efficiency in light-emitting devices [3, 4] , and the photocarrier collection efficiency in photovoltaic devices [5, 6] . For decades, a great deal of theoretical and experimental studies have been carried out to gain our understanding on the carrier dynamics in such structures, including carrier scattering, capture, thermalization, and escape processes [7] [8] [9] [10] [11] [12] [13] . In practice, the actual carrier dynamics is the result of simultaneous combination of all the processes. The complexity of the resultant dynamics limits its investigation to the numerical self-consistent calculation on a large equation set of related processes [14] [15] [16] [17] . Moreover, unless the special treatment is implemented, the incorporation of these processes is incompatible with the conventional drift-diffusion model, which is widely used as a tool for the device output estimation and the design optimization. The need for specific simulators and the lack of simple models cause a large gap between the fundamental study and the device application.
To avoid handling the periodic potential profile in the drift-diffusion analysis, some research works have simplified the complicated carrier transport in nanostructures inside the devices with some carrier mobilities. It is often assumed similar mobilities to the bulk materials [18] [19] [20] , despite the fact that there are reports observing much lower mobility values [21] [22] [23] . This is due to insufficient theoretical models that can conveniently estimate the mobility of perpendicular carrier transport from the structure/material parameters.
The theoretical investigation on mobility so far has been mainly focused on the transport in strongly coupled MQWs, or so-called superlattices, where carrier transport is dominated by the Bloch transport through the miniband. The
Esaki-Tsu mobility [24] , which is derived from the kinetics in the momentum space of the miniband, is a well-known expression for the Bloch transport, and there are several attempts to modify the expression for the mobility [25, 26] .
On the other hand, less studies have been investigating the mobility in MQWs which have weak or no coupling. In this case, dynamics is dominated by the sequential (hopping) transport: carriers move from QW to QW. Furthermore, even in strongly coupled superlattices, the transition of the dominant transport from the Bloch to the sequential type is expected if the scattering rate is high enough to break the coherency of the carrier wavefunction [27, 28] , for instance, at high temperature. D. Calecki et al. [29] have proposed the hopping mobility for the photon-limited process, but only the numerical calculation is available due to the complicated interaction between carriers and phonons. There are several other literatures investigating the perpendicular sequential transport across MQWs [11, 30, 31] , but only little attention has been paid to the transport at the mobility (linear transport)
regime.
In this study, we investigate the carrier effective mobility
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in periodic MQW structures close to room temperature. In Section II, we derive the formulae for the effective mobility corresponding to the sequential transport through the thermionic emission, sequential direct tunneling, and thermally-assisted tunneling processes. Our aim is to formulate explicit expressions to minimize the additional numerical calculations such as the scattering by various types of phonons, and make them reachable to a wide range of applicable areas; therefore we have employed some appropriate approximations including the quasi-thermal equilibrium and the semi-classical approach, instead of the rigorous treatment of quantum mechanics. We also consider the modification of the Schneider-Klitzing thermionic emission model [11] , which assumes wide QWs with negligible quantum-confinement effect, as pointed out in [32] , and neglects the perturbation of the distribution function by the electric field. In Section III, the effective mobility estimated by our model is compared with the experimental results measured from the time-of-flight technique. We discuss about the possibility to simplify MQWs as quasibulks with the effective mobility in the drift-diffusion analysis in Section IV and summarize our findings in Section IV.
II. MODEL

A. Sequential transport
We consider a periodic MQW structure with the well thickness w, the barrier thickness b, and the period L = w + b.
At high temperature, e.g. room temperature, the scattering rate (< 1 ps) [7, 8, 14] is high enough that carriers are rapidly captured and thermalized as they cross any QW. This implies that the one-step process model can well describe the carrier dynamics in the MQW system. That is, carriers in the jth QW can escape to the adjacent QWs following the rate equation
where nj is the carrier density in the jth QW, 1 r  is the carrier recombination rate, , we obtain a solution ( ) j nt with the center moving at the velocity [11, 33] esc+ esc-
, vL
     (2) which corresponds to the average carrier velocity in the MQW. In a symmetric structure, the escape process is symmetric ( esc+ esc-
 
) and hence there is no net velocity.
The transport symmetry begins to collapse when the electric field F is applied. If we assume the electric field strength is in the linear regime, we can write the escape rate as terms in the escape rate will result in the field-dependent effective mobility, but this effect will be small in the low-field regime [33] . We can formulate the effective mobility for any escape process using Eq. (4) if the dependency of the escape rate on the electric field is known. We consider that carriers can escape out of a QW through three processes: the escape of carriers with energy higher than the energy barrier, the tunneling process for carriers in the ground state, and the tunneling process for carriers distributed in the higher quantum-confinement states. These processes are also known as the thermionic emission (the thermal escape), the direct tunneling, and the thermally-assisted tunneling, respectively.
B. Thermionic emission process
We firstly investigate the thermal escape rate through one side of the energy barrier within the effective mass approximation. In the following, we refer to the conduction band when considering electrons and the valence band for holes. Fig. 1 m is the effective mass of carriers in the continuum levels. Under electric field F applied in the z direction, similarly to the perturbation treatment in the Boltzmann transport equation [34] , the distribution function is perturbed by
where q is the elementary charge and sct is the carrier scattering time.
The carrier total energy of 
Then, the current density th J  flowing out of one side of the QW due to the thermal velocity is given by   
The upper sign is for the escape toward the forward direction and the lower sign for the backward direction. (We use this plus-minus notation in the derivation thereafter.)
The total carrier density n in the QW layer for the nondegenerate condition can be obtained by summing the carrier densities in the confined states n2D,i and the continuum states 
C. Direct tunneling process
Here, we assume that the tunneling transport is dominated by the sequential (incoherent) tunneling [28] and analyze using the semi-classical approach [35, 36] . In this way, the tunneling rate from the ith state is estimated from the classical oscillation frequency fi inside the QW and the WKB tunneling probability Ti:
By using the barrier effective mass 
Therefore, Eqs. (4) and (14) 
E. Total effective mobility
Since all the processes above occur in parallel [ Fig. 1(b) ], the total escape rate can be given by the sum of all the rates esc th tun t u 2 ht n,
. Then, it is obvious from Eq. (4) that the total effective mobility is th tu eff 2 n thtun, . We can obtain the effective mobility of electrons 
where  is the density ratio of the light holes to the heavy holes. By using Eq. (9b),  is given by 
III. EXPERIMENT AND CALCULATION
In this section, the derived effective mobility is discussed to room temperature [41] ), but kept the other parameters fixed for simplicity. Even though there is a slight overestimate for the hole effective mobility (possibly due to the neglected temperature dependency of some parameters), our model can adequately predict the increase of effective mobility with temperature. With increasing temperature from 298 K to 358 K, the effective thermal mobility of electrons increases significantly whereas the effective tunnel mobility is mostly constant, as can be expected, resulting in the increasing total electron effective mobility by a factor of 2. In contrast, for light holes, the partial effective mobility for the tunneling transport increases with increasing temperature owing to the Boltzmann population factor  of light holes.
As demonstrated, the availability of the effective mobility model makes it possible to get insight into the behavior of the carrier transport across the MQW in the quantitative manner, particularly for investigating the contribution of each escape process and the impact of each parameter. It can be utilized as a tool for designing the MQW structure to improve the carrier transport and to achieve the target mobility required in each device application.
IV. EFFECTIVE-MOBILITY APPROXIMATION
The formulae derived in this study allows us to quantify We should keep in mind that the effective-mobility approximation (quasi-bulk approximation) is one approach to deal with the carrier transport complication in MQW structures when the assumptions made above are satisfied.
There are some conditions in which this approach may be over-simplified and need further modification as follows.
(1) At low temperature, the carrier thermalization becomes so slow that defining a single quasi-Fermi level EF in each band can be improper. Furthermore, the dominant transport may be shifted from the sequential to the Bloch transport, which is not taken into account in this study. 
V. CONCLUSION
In this study, we investigated the effective carrier mobility 
APPENDIX A: ASYMPTOTIC EXPRESSION FOR INTEGRATION
Using the asymptotic expansion, we obtain the relation [46]       
APPENDIX B: NO-BARRIER LIMIT
We follow the derivation of the effective thermal mobility in Section IIB, but consider in the limit 0 and incorporate it in the drift-diffusion analysis, we need equivalent parameters other than mobilities in order to simulate such equivalent quasi-bulk. We use primes to denote the equivalent parameters in the quasi-bulk. It is obvious that the equivalent bandedges (lowest allowed energies) are
where C E , where R represents either the Shockley-Read-Hall, radiative, or Auger recombination. That is, the total carriers, total absorption, and total recombination are invariant in the conversion from the MQW to the quasi-bulk.
